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Abstract: This work reports about a cost-effective, simple front-end readout and DAQ of a RPC
based muon scattering tomography system being built. The Time Over Threshold (TOT) property
of NINO ASICs has been exploited to achieve better precision in tracking. The Use of a low-cost
FPGA for track selection and TOTmeasurement has been demonstrated. One strip of a sample RPC
detector has been triggered by a cosmic-ray hodoscope of three plastic scintillators. The relation
between input pulse width and TOT has been established by analyzing the waveforms of the signals.
The TOT profile at different working voltages has been obtained by the FPGA. The charge profiles
have been fitted with Gaussian distribution and the standard deviation represents an estimate of the
tracking precision.
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1 Introduction
Muon scattering tomography exploits the deviation of cosmic muons from their path due to their
interaction with atomic nuclei and electron cloud. Gaseous detectors have proven to be a versatile
means for tracking of the cosmic muons [1],[2],[3]. The Resistive Plate Chamber (RPC) is one of
them, which is found suitable for this purpose due to its cost-effectiveness, large scale producibility,
fair time, spatial resolution, and good detection efficiency. The spatial resolution of the RPC
depends on the read-out electronics, applied electric field, active gas mixture etc. Typically for this
application, the Data Acquisition System (DAQ) consists of ADCs or QDCs for measurement of
induced charge on the strips. In this work, the authors have suggested a reliable option for read-out
electronics based on the Time Over Threshold (TOT) property of NINO ASICs [4]. The NINO is
a low power, ultra-fast front-end amplifier discriminator chip designed for ALICE-TOF detectors
at CERN [5], [6]. By virtue of its TOT property, the NINO chip can represent charge in time
measurement, for which TDCs are required [7], [8]. in the back-end, the DAQ system consists of
an FPGA implemented for time measurement using a high-frequency clock. This communication
describes the read-out and DAQ system designed for the muon scattering tomography system being
constructed at present. Its tracking capability has also been shown using a prototype RPC detector.
2 Effect of Spatial Resolution on Muon Tomography Application
Better spatial resolution of the detector can improve the tracking of particles. A precise knowledge
of muon tracks results in clear reconstructed images of target object, whereas a coarse spatial
resolution can degrade them as shown in figure 1. The effect of spatial resolution on image
– 1 –
formation has been studied elaborately in a previous simulation work [9]. Using finer pick-up
strips and obtaining information about charge induced on the pick-up strips can improve the spatial
resolution as indicated in figure 2. However, it increases the number of read-out channels and hence
the cost of the electronics. A simpler alternative is described in section 3.
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Figure 1. The reconstructed images for two different spatial resolution (a) 200 µm (b) 1 mm
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Figure 2. Schematic representation of better spatial localization (a) for finer strips (b) information about
induced charge on the strips
3 Components of the Read-out & DAQ
Amulti-channel ASIC, NINOwhich combines the discrimination, pre-amplification and a substitute
of the ADCs for the charge measurement can be a novel solution. The characteristics of NINO and
the method of extraction of information about charge deposit have been described below.
3.1 NINO and TOT property
The NINO is a 8-channel LVDS input/output discriminator, pre-amplifier chip. It has been designed
with the TOT property, i.e. above the pre-set threshold, the output pulse width of NINO is related to
the input detector pulse width. For a given detector and working conditions, it can be comfortably
assumed that the pulsewidth is non-linearly proportional to pulse height. Moreover, the amplitude of
the signal determines the charge deposited by the particle. Therefore, thanks to TOT characteristics,
the NINO chips can provide option to obtain information about charge deposit by a given pulse
without measuring the amplitude of analog pulse. Hence the use of ADCs can be skipped and the
– 2 –
pulse width measurement can be done by using TDCs. A TDC with a coarse resolution can be
designed using a low-end FPGA for these small rate experiments.
3.2 FPGA Based DAQ system
A developer board based on ALTERA MAX-10 FPGA has been used for pulse width measure-
ment [10]. It has been programmed using the Intel Quartus Prime platform. The TOT output of
NINO has been measured by a 500 MHz clock generated using Phase Locked Loop (PLL) mech-
anism applied on the 50 MHz on-board clock. Therefore, a resolution of 2 ns has been achieved
in this scheme. This has been tested by measuring the pulse width of a known 60 ns pulse by both
oscilloscope and FPGA. The difference in the time width measured has been shown in figure 3 (a).
The TOT values for 7 pick-up strips (center strip, three on the right, three on the left) are temporarily
stored in a memory array. This data has been serially transmitted to the PC via UART protocol
when the coincidence of three scintillators and the central strip of RPC is found. The schematic
workflow of the FPGA has been shown in figure 3 (b).
NINO FPGA
Coincidence
Pulse WIdth 
Measurement
500 MHz
50 MHz
N channels
Sc trigger 
The FPGA Based DAQ
3
Figure 3. (a) Difference of pulse width measured by the oscilloscope and the FPGA, 2 ns offset has been
added. (b) Schematic diagram of the operation inside FPGA
4 Experimental setup
A sample RPC detector has been studied for cosmic ray muon tracking purpose. The dimension of
the RPC is 30 cm × 30 cm and it is made of Bakelite. A mixture of R134a (95%) and Isobutane
(5%) gases has been used. The detector has been placed in a vertical cosmic-ray hodoscope of
three plastic scintillators with an overlap that matches the strip width of the pick-up panel and in
coincidence with the central strip. An image of the experimental setup has been shown in figure 4.
The pick-up panel is a PCB, of which one side copper strips of width 1 cm and pitch 1.2 cm have
been etched and the other side is masked with a layer of copper for grounding. The length of each
copper strips is 30 cm (same as the active area of the RPC). They have been terminated with 50
Ω resistance to match the conventional electronics. The finger scintillator has been kept as close
as possible to trigger only a single strip. However, waveforms from 3 strips from either side have
been studied to obtain the charge spread of a signal. There are two key aspects investigated in this
experiment. Firstly, the raw pulse of RPC and NINOTOT outputs have been compared by analyzing
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the waveforms using Tektronix MSO 4104-b oscilloscope. Secondly, the profile of induced charge
on the strips has been obtained using the TOT measured by the FPGA.
Figure 4. In the left, image of the experimental setup. In the right, a schematic diagram of the setup for
the measurement of input pulse width (connected in channel A of oscilloscope) and TOT output of NINO
(connected in channel B of oscilloscope).
5 Signal Analysis
The coincidence signal of the scintillators has been given as an external trigger to the oscilloscope.
The RPC signal has been divided into two parts. One has directly gone to one channel of the
oscilloscope, while the other one has been connected as an input to NINO. The output of NINO
is fed to another channel of the oscilloscope. This process has been illustrated in figure 4 (b). In
figure 5, two typical RPC pulses and their corresponding NINO outputs have been shown. The
waveforms obtained from the oscilloscope, have been post-processed for analysis. The RPC pulse
generally arrives around the same position each time. Therefore, the first 200 ns window of the
pulse has been considered as background electronic noise. The average amplitude of the noise
window has been considered as a threshold for a valid pulse. This threshold is much higher than the
maximum threshold that can be set by NINO board (100 fc). If a pulse lasts at least 8 ns above the
threshold it’s taken as a valid pulse. If a signal has multiple rises and falls and with the existence of
several valid pulses, the signal is considered to have multiple pulses. This indicates the existence
of streamers.
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Figure 5. Relation of input pulse width and NINO TOT output for a small pulse and a larger pulse.
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Figure 6. Variation of input pulse width with output TOT
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Figure 7. TOT of the central strip for three different working voltages
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Figure 8. The Strip multiplicity at different working voltages.
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Figure 9. TOT fraction received by all the 7 strips for three different working voltage
6 Tracking at Different Working Voltages
The TOT output of NINO has been found to increase with input pulse width linearly as shown in
figure 6. For a given signal with multiple strip hits on the pick-up panel, the maximum amount
of charge is induced on the strip which covers the detector region through which the particle has
actually passed. Therefore, the output of that strip would give the largest pulse width and hence the
largest TOT among all the strips.
The tracking ability of this DAQmethod has been evaluated for three different working voltages
(10.2 kV, 10.6 kV, 11.6 kV). The distribution of TOT received by the central strip for these voltages
has been shown in figure 7. It may be noted that the larger tail of the distribution at 11.6 kV suggests
the transition to streamer mode. Moreover, the streamer signals have shown larger spread than the
avalanche signals. The strip multiplicity around the central strip for selected voltages has been
shown in figure 8. At lower working voltage, mostly a few number of strips are hit, which increases
with increase in working voltage. Finally, the fraction of TOT spread (ratio of TOT obtained from
a given strip and total TOT obtained from all the strips) on the central strip and three neighbouring
strips has been shown in figure 9. The standard deviations of the distributions has been found to
increase with the rise in working voltage.
7 Conclusion
An electronics setup for RPC-based muon tomography system has been tested with front-end read-
out by NINO chip and FPGA based DAQ. The TOT measurement with a resolution of 2 ns has
been achieved using a 500 MHz clock pulse derived using PLL on the on-board clock of FPGA.
The proposed DAQ system is budget-friendly and scalable. At an avalanche working voltage (10.2
kV), the standard deviation of the spread of the TOT obtained is 4.5 mm with 1.2 cm strip pitch.
This can be considered as a functional estimate of spatial resolution. The authors plan to fabricate
a set of pick-up panel with narrower strips to achieve sub-millimeter spatial resolution. This can be
advantageous to develop a muon scattering tomography setup for material discrimination.
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